Abstract: Brillouin spectroscopy of acoustic phonons in transparent crystals and nontransparent metallic Co/Cu superlattices is reviewed. The method presents a directional sensitivity of the experiment. This feature is useful in elastic constants measurements in crystals and analysis of in-plane anisotropies of hyper-sound and spin waves in superlattices. Results for the LiTaO 3 , LiNbO 3 , LiNbO 3 :Cu, SLGO, SLAO crystals are provided. Spin wave results for the Co/Cu superlattices are presented.
Introduction
In a period of about 80 years, the Brillouin scattering method became a standard tool in the research of acoustics phonons and magnons of GHz frequency. The method employs a single photon on single acoustic phonon scattering near the origin of the¯rst Brillouin zone. The term Brillouin scattering was derived from the theoretical prediction made by L. Brillouin [1] in 1922 of possible nonelastic interaction between light and sound. The description of the light scattering experiment was also published in Brillouin's dissertation. L.I. Madelsztam, made a similar prediction four years later in 1926; however, the¯rst real experiment was performed by E. Gross in 1933. Brillouin's light scattering experiments have been well known for many years as a very useful method applied in transparent [4 -14] and nontransparent media [15 -30] . The main advantages of the Brillouin technique are: the directional selectivity which allows the observation of anisotropy e®ects, nondestructivity, applicability of small samples of arbitrary dimensions, and the natural aspect can be applied to hypersonic range of frequencies.
From the quantum point of view, the creation and annihilation processes of phonons by photons are responsible for the typical Brillouin spectrum where lines of lowered and increased frequency can be observed [31 -32] . Thus, the characteristic pattern includes weak Stokes (lowered frequency) and anti-Stokes (increased frequency) signals; in most cases, a huge Rayleigh's elastic signal originating from scattering on impurities and material defects (Fig.1) .
A basic physical principle is that a light wave propagating in a scattering medium creates radiating electric dipoles, or mathematically speaking, every point of the medium is associated with a polarization vectorP (r; t) ;and its spatio-temporal changes are associated with°uctuations of the medium polarizability¯¬ (r; t), expressed as: P (r; t) = [h¬ i +¯¬ (r; t)]Ẽ 0 e i (~0 ¢~¡!0 t) ;
where the average polarizability h¬ i and its disturbed part¯¬ (r; t) are visible, and whereẼ 0 is the electric¯eld vector of incident light,k 0 is the wave-vector of incident light wave, and ! 0 is the angular frequency of that wave. Because the frequency of sound is of the 10 12 Hz order, and light frequency is equal to about 5 : 10 14 Hz, we can assume that the term¯¬ (r; t) changes slowly over time. Under this condition, time evolution of a polarization vector, at a given point, can be written as follows
Then, the total electric¯eld intensity in a scattered light, in a far¯eld approximation, is proportional toP, namely [34 -35] 
wherek 0 is the wave-vector of light wave scattered in a di®erent direction than that de¯ned byk 0 -the wave-vector of incident light, and where the integration was carried out over the total volume of scattering medium.
In the above formula two important points are included:Ẽ 0 is a function of spatiotemporal°uctuations of the polarizability¯¬ (r; t), secondly not all modes of thē ¬ (r; t) have the same in°uence on scattered light. This second point can be understood if we take a closer look at the more general form of¯¬ (r; t) expressed in the form of Fourier series. Thus, polarizability°uctuations depend on di®erent wave-vector ofq possessing varying frequencies ! ¹ ¬ (r; t) = 1
Now the formula (3) can be written as follows
, R is the distance from a scattering point to the point of observation, and where the summation is carried out over all acoustic branches -signed by the · -expressed in the dispersion relation ! ¹ = ! ¹ ( q ). Importantly, thē rst term in the Eq. (5) is equal formally to the Dirac's delta
Thus, the conclusion derived from equations (5) and (6), is that the scattered¯eld is equal to zero if¯¬ (r; t) = 0 or if the following relationship is valid
where the wave-vector of thermal°uctuation (sound)q is associated with an electromagnetic source scattered into the direction described by the wave-vectork, and with the wave-vector of incidence lightk, which summarizes the quasi-momentum conservation principle. The principle is valid for both bulk-type experiments in crystals and for measurements in nontransparent layers, but here, for pure surface interaction, only parallel components of light wave-vectors are conserved.
Experimental
The equipment used in bulk-type measurements included: a single-mode argon ion laser working at 488 nm and 514.5 nm wavelengths, its power ranging from 80 mW to 400mW, a single-pass pressure-scanned Fabry-Perot interferometer; and the single photon counting unit produced by Photon Inc. for low-level intensity light detection [36] . The signal from the unit possessed a stochastic nature due to the thermal noise of the photomultiplier and the random nature of the low-intensity-level scattered light. For these reasons, numerical¯ltration was performed, assuming that the noise is conformable to the Poisson distribution. All the measurements, presented here, were done for con¯gurations where the angle between incident and scattered light was equal to º /2. The polarization of incident light and scattered light was also controlled. When the full spectral range FSR of the Fabry-Perot interferometer was equal to 37.5 GHz, longitudinal acoustic waves were hidden in strong Rayleigh signals resulting from elastic scattering processes. The FSR equal to 75 GHz was useful for longitudinal wave observations. The measurements with the 514.5 nm wavelength were performed for the LiTaO 3 , LiNbO 3 , LiNbO 3 :Cu, SLGO crystals, and for the 488 nm wavelength in the SLAO crystal case [37 -39] . All the measurements were carried out at room temperature. Di®erent factors were taken into account as possible sources of experimental error: the time resolution of the electronic equipment, Fabry-Perot etalons width accuracy, the exact light-speed value for calculation of the full spectral range, pressure sensor hysteresis errorthe sensor that is used to monitor absolute pressure in a chamber where the interferometer was placed, thermal stabilization error of the pressure sensor, the non-linearity between output voltage from the sensor and the pressure. In fact, the main problem in Brillouin's Brillouin light scattering experiment was the scanning of the Fabry-Perot interferometer. It is achieved by optical path changes for optical rays trapped in an interferometer cavity. In this way, an interference pattern moves in respect to a sensor positioned in a¯xed point of a space. There are two main methods of scanning. In the¯rst one, the refraction index of the gas surrounding the interferometer cavity is changed [40 -41] , while the second one applies space-distance changes between interferometer mirrors, as in the piezoelectrically controlled Sandercock setup [42 -43] . The¯rst solution is based on the fact that the refractive index of an ideal gas, a very good approximation, is a linear function of a pressure [44] . Most of the results presented here utilize refraction index changes.
Tests in the laboratory showed the pressure scanning system consisting of two pressure chambers. An interferometer was placed in the¯rst one. The valves, pressure sensor, and adjustable capillary were mounted in the second chamber. The setup is schematically shown in Fig. 2 . The chambers were connected by a relatively large rubber pipe of 2 cm in diameter and 1.5 m length. Such connections do not cause impedance e®ects during gas°ow. The volume of the chambers were 1.23 : 10 ¡2 m ¡3 , and 7.06 : 10 ¡2 m ¡3 , for the control and etalon chamber, respectively. The signals from the photomultiplier and the pressure were detected at one-second intervals. The Typical duration of measurement was one or more hours depending on the adjustable capillary diameter. The EPO W11 7B industrial pressure sensor manufactured by Entran Inc. (stainlesssteel membrane) or Siemens KPY 43MA (silicon-membrane) was used. A Stainless steel membrane was exposed directly to the measured air pressure warranting a lengthy experiment, compared to a less lengthy one using silicon-membrane sensors. The life expectancy silicon sensors was equal to about 100 measurement cycles.
The output voltage from the pressure sensors is easily measured automatically by GPIB standard electronics. The accuracy of the output signal was equal to 1%, which resulted from non-linearity between sensor output voltage and the pressure transformed to the voltage signal, and temperature drift of the signal. The manufacturer of the silicon sensor guarantees temperature compensation of the output signal, in the range of 0 o C ¡ 55 o C. The time interval for one measurement equal to 1 second generates a frequency error equal to about 0.04 GHz, in the full spectral range (FSR) it equals 37.50 GHz scanned over 20 minutes. Etalons for experiments were manufactured many years ago from invar or quartz with 10 ¡6 m accuracy, which is of the small 0.01 GHz error. The last source for experimental uncertainty results from a non-uniform scan rate, however the rate changes slowly during measurement taking.
Generally, the systematic error of the phonon frequency measurement, induced by experimental arrangement and numerical treatment of data, is equal to 0.15 GHz. Statistical errors depended on the speci¯c measurement and were in the range of 0.04 GHz to 0.3 GHz, but in most cases were equal to 0.1 GHz. The total error (a standard deviation) for the measured frequency was calculated for the level of con¯dence equal to 0.7 in each case.
The experiments in superlattices were carried out at room temperature with a Sandercock-type 3+3 pass tandem Fabry-Perot interferometer. The samples were placed between the poles of a water-cooled electromagnet with a maximum available magnetic eld value equal to 0.6 T. A single-mode argon-ion laser (Coherent) working in a power range of 40 to 80mW was applied. All the spin-wave observations were carried out for con¯guration where the polarization of incident light and scattered light were sensitive for spin waves -the polarization was perpendicular (p-s con¯guration). Acoustic-type excitations required (s-s) or (p-p) con¯gurations. The polarization con¯gurations are usually de¯ned in respect to the plane of scattering. The plane is determined by the three wave vectors evolved in a quasi-momentum conservation principle (Eq. 7).
The multipass (3+3) tandem interferometry warrants enough contrast and resolving power for nontransparent sample measurements, where the Rayleigh elastic signal can be even 10 12 times larger in amplitude than weak Brillouin lines [45] . The single-pass pressure scanned method is su±cient for bulk type experiments.
Light scattering on bulk acoustics phonons
Present calculations, are based on the classical theory of elasticity and classical electrodynamics, and in particular on Newton's second law. The main theoretical consideration is to plan the experiment, to choose an appropriate crystallographic direction to measure the elastic constants. For general cases, crystals with piezoelectric features will be taken into account). The equation of motion of the acoustic wave is as follows:
where T ij is the stress tensor, » is the density of a medium, and u i is the displacement, at an arbitrary point, caused by the acoustic wave¯eld. The left side of the above equation, which is the spatial derivative of the stress tensor, is equal to [46] T ij;j = c ijkl S kl;j ¡ iÀ j e nij E n;j (9) and was derived from the formula
where, both in (9) and (10), we can recognize the elastic constants tensor c ijkl , the strain tensor S kl , the piezoelectric tensor e nij and the electric¯eld E n induced by the acoustic wave due to piezoelectric e®ect. The À j are the components of a unit-length-vector in the direction of the sound wave propagation. This vector can be found both in the displacement written in the form
and in the stress-induced electric¯eld
Equality of phases, in the displacement and in the electric¯eld formulas, means that the electric¯eld is coupled by a component parallel to the direction of the acoustic wave propagation. Taking into account the dielectric displacement dependence on strains in a piezoelectric medium
where " 
In this way we obtain the formula for the electric¯eld
where we have taken into account (13) and, following simple formulas
and
derived from the de¯nition of the strain tensor
By substituting (9), (15) and (17) into the equation of motion (8) the following relation can be obtained
which is equivalent to a set of three independent linear equations, corresponding to three acoustic waves of di®erent polarization. The scalar equation of this system is¯¯¯¯Ã
In the above equation we de¯ne e®ective elastic constants, modi¯ed by the piezoelectric e®ect, and can recognize an eigenproblem for the characteristic matrix de¯ned as (20) can now be rewritten as
The eigenvectors® of the Q ik matrix describe states of polarization of the acoustic waves and a square root of the eigenvalues X , divided by the density of the medium, which provides information on the velocities of sound.
The elastic constants can be represented as a 2-dimensional matrix. For example, for a crystal which displays rhomboedral symmetry, the matrix is equal to c ij = ;
but with inclusion of the piezoelectric e®ect and the e®ective elastic constants approach, it can be expressed as :
The next step is to choose a proper con¯guration. For example, to measure c 11; elastic constant in the rhomboedral crystal(,) we should align the incident laser beam and scattered light direction of observation to detect sound waves propagating in the [100] crystallographic direction. When the angle between the direction of incident and scattered light was equal to º =2 the Q 11 element of the characteristic matrix provided the c 11 value, because Q 11 = c 11 . The other values of the characteristic matrix elements are as follows 
where e ij are the piezoelectric tensor elements written in double-index formalism. The eigenvalues of the Q ij matrix are equal to It is easy to notice that the equation c 11 = X 1 determines the elastic constant. The experimentally observed acoustic wave frequency in the LiTaO 3 crystal, associated with the X 1 eigenvalue, was equal to 33.7 §0.2 GHz. The other eigenvalues were smaller. This means that a quasi-longitudinal acoustic wave was responsible for the X 1 value. The X 2 and X 3 values give information about the quasi-transverse waves frequencies f and velocities v. Adequate formulas for these parameters are as follows
where n is the refractive index of the medium for an ordinary beam, and » is the density of the medium. Tab. 1 provides values of calculated eigenvectors, eigenvalues, frequencies and velocities, based on ultrasonically measured elastic constants [47] , as well as a comparison to the measurement results. A crystal of the same symmetry as LiTaO 3 is the lithium niobate LiNbO 3 crystal. The main purpose to conduct experiments with LiNbO 3 is to measure the elastic constants. However, there is additional use. Lithium niobate crystal is widely used in optoelectronic devices and in many situations there is a need to use doped crystals [48 -51] . The addition of dopants into a congruent melt composition followed by appropriate thermal treatment -in°uences not only electronic and optic properties, but is able to cause large-scale elastic modi¯cations sensitive for acoustic methods. Brillouin scattering measures photon frequency changes caused by acoustic phonons in creation and annihilation processes. The typical frequencies in the range of 20-30 GHz, and the acoustic wave-lengths of the 2 : 10 ¡5 m, are able to control long-range crystallographic order. Relatively small amounts of dopants, from the physical point of view, do not in°uence elastic properties, however technological processes can modify a structure of crystals. In this case, Brillouin scattering is sensitive and useful to investigate doping. In the experiment, samples of pure and doped LiNbO 3 crystals were prepared under similar technological conditions. The dopant concentration of Cu was equal to 0.05mol%. The samples were 1cm cubes side cut in such a way that main crystallographic directions were parallel to sample edges. Scattering was made for three di®erent situations, namely when phonons propagating in [110] , [101] , and [011] directions. Results of measured frequencies for pure and doped samples are given in Tab. 2. What should be emphasized are relative changes of hypersonic frequencies, caused by doping, which are equal to relative changes of acoustic wave speeds, and are thus proportional to elastic modules changes. In the all presented cases frequencies for doped material were lower than for a pure crystal.
At the end of the bulk-type experiment review a full set of data for ABCO 4 oxide-type materials were presented. These materials have attracted signi¯cant attention in the last years, especially SrLaAlO 4 (SLAO) and SrLaGaO 4 (SLGO) crystals, because they have been applied as substrates for high temperature superconducting¯lms [52 -53] .
(110), (101) and (011) were chosen as planes of scattering. This choice was based on the crystallographic tetragonal symmetry of the crystals. Tab. 3 provides the whole algorithm leading to the determination of all elastic constants. The constants were calculated directly from the Brillouin spectra or derived from other scattering con¯gurations. This accounts for the additional experimental errors. The basic formula for all derivations was written in Eq. 26. Tab. 4 and Tab. 5 provide observed frequencies along with calculated elastic constant and experimental errors (standard deviation), for SLGO, and SLAO crystals, respectively. An example of the Brillouin spectrum with signals from quasi-transverse acoustic wave is given on Fig. 3 .
The author believes the dispersion e®ects, known as the dependence between acoustic wave speed and frequency, were not observed. However for the LiTaO 3 crystal the c 13 constant is 31% smaller than the one measured by ultrasonic (MHz range) method [38] . This result was con¯rmed by Kuok etal [54] . The origin of these divergences can not be explained and requires additional research. 4 Brillouin light scattering from surface and bulk spin waves in Co/Cu superlattices. Observation of the in-plane anisotropies
In superlattices, the Brillouin scattering technique is used to study the in°uence of geometrical parameters, like structural period and number of layers, on acoustic waves and spin waves propagation. This section presents results related to magnons only. In the experiment we worked with two kinds of samples grown in the [111] crystallographic direction by the Molecular Beam Epitaxy method. In the¯rst sample the modulation period was equal to 100 º A (60 º A Co + 40 º A Cu), and the total number of bilayers was equal to 10. The second sample had a modulation period of 18 º A (10 º A Co + 8 º A Cu), with the total number of bilayers equal to 60. Thus the two samples had roughly the same total thickness. The measurements were carried out as a function of magnetic¯eld and for di®erent angles of the incident light beam. Here, results of the observed in-plane magnetic anisotropies, investigated through surface-type Damon-Esbach (D-E) mode and bulk-type modes are presented. Results show 6-fold and 2-fold symmetries clearly visible for bulk-type spin waves and 2-fold symmetry for the D-E mode spectrum. Generally, two types of modes exist in multilayered, metallic superlattices, composed of magnetic-nonmagnetic materials. The surface-type mode frequency serves as a function of an externally applied magnetic¯eld H is equal to [55 -56] 
where ® is the gyromagnetic ratio, and M is the saturation magnetization. Next, the bulk-type modes which frequencies have following dependence on applied magnetic¯eld
where w is the band factor being a function of layer thickness and the magnon wave-vector components and falling in the (0{1) range. Both types of excitations are shown on Fig. 4 . It should be pointed out that only in arti¯cially prepared superlattices special collective spin excitation are possible. The¯gure presents the Brillouin spectrum obtained for one of the samples, for the 45 o angle of light wave-vector incidence. The surface DamonEshbach mode is separated from the bulk wave. This is possible when the interlayer exchange contribution is negligible and the surface spin waves of each magnetic layer are coupled through a dipolar interaction mechanism. The angle of incidence determines the spin wave-vector length through the quasi-momentum conservation-principle. On the Fig. 5 spin waves frequency dependencies on the spin wave vector length are seen. Fig. 6 shows for a chosen angle of incidence, measured dependencies expressed in the Eq. 28 and Eq. 29. A match of both sets of data enabled us to calculate spin waves propagation parameters. Linear¯t to Eq, 28 yields gyromagnetic ratio equal to 32:4 § 0:3 GHz/T and saturation magnetization (4º M s ) equal to 1:12 § 0:02 T. Using these parameters one obtains the band factor w equal to 0.127. Obtained values are consistent with those obtained by J. A. Coven et al [55] .
The same standard results were obtained for di®erent in-plane directions but at a constant spin wave wave-vector { the sample was rotated in 5 angular degree stepsenabled us to study the in-plane magnetic anisotropies in a natural way correlated with crystallographic symmetry of the Co/Cu components (Fig. 7 -Fig. 8 ).
These kind of measurements seems to be practical in research where information about in-plane anisotropies is needed. It is evident that surface-type mode results (Fig. 7) are less sensitive on bulk features, while bulk-type waves more clearly show 6-fold symmetry located in a bulk (Fig. 8) .
Conclusions
Provided results in crystals and superlattices showed applicability of the Brillouin light scattering method in investigation physical parameters. In bulk-type experiments elastic constants of crystals were measured. Despite the lack of dispersion noticed in crystals Brillouin scattering can be alternatively applied to update ultrasonic results as nondestructive method. It can also be used as (a) testing technique for thermal technological procedures and doping.
In surface-type experiments spin wave frequencies were measured for di®erent experimental conditions, which when determined by magnetic¯eld intensity and scattering geometry, display two type of modes; Damon-Eshbach surface type and bulk-type. Presented results showed applicability of the method in investigations of in-plane magnetic anisotropies. It seems natural that surface-type mode results (D-E mode) are less sensitive on bulk features. This is why 2-fold magnetic symmetry is easy to recognize for the D-E mode. On the other hand, bulk-type modes possessed information about both 2-fold and 6-fold symmetries. In this case, BLS seems to be a very selective method to study di®erent types of excitations located at di®erent depths and propagating in di®er-ent directions. It is interesting to point out that in a typical scattering experiment light penetrates about an 300nm area. In a nontransparent sample, the di®raction limit of the lens collecting scattered light is much larger. However, important physical information about Brillouin frequencies are assessable thanks to the resolving power of the tandem Fabry-Perot interferometer. Table 2 Frequencies of quasi-transverse acoustic wave for the pure and Cu doped LiNbO3 crystal.
Step Const. Table 5 Measured elastic constants of the SLAO crystal, their experimental errors, and the range of frequencies of observed elastic waves. The wave-length of laser line -488 nm. Fig. 1 Brillouin spectrum from the Co/Cu specimen (60 10nm/8nm bilayers) revealing the acoustic-type modes: R-Rayleigh surface mode, S 1 -rst Sezawa mode, S 2 -second Sezawa mode, S 3 -third Sezawa mode. The Sezawa modes are counterparts of surface-like Rayleigh mode, but propagating inside layers [33] . In the middle of scale the Rayleigh elastic peak is placed. It is cut by shutter to protect photomultiplier. The ¬ denotes the angle of incidence for a laser beam which probe a sample. Measurements carried out for parallel (s-s) con guration of incident and scattered light polarizations and for the laser power equal to P=40mW. Dependencies of spin waves frequencies on the in-plane component of the wave-vector length determined by scattering geometry for crossed (p-s) polarization. The geometry is determined by angle of laser beam incidence on a sample. The sample plane was parallel to magnetic eld and perpendicular to scattering plane { the plane determined by incident and scattered light wave-vectors. Descriptions: d Co /d cu { the ratio of the Co layer thickness to the Cu layer thickness, B=0.1 T -the externally applied magnetic eld. Fig. 6 Dependencies of surface Damon-Eshbach mode frequencies and bulk-type mode frequencies on magnetic eld intensity applied. Theoretical dependencies can be found in Eq. 28 and Eq. 29. Descriptions: d Co /d cu { the ratio of the Co layer thickness to the Cu layer thickness, ® is the gyromagnetic ratio, M s is the saturated magnetization. Fig. 7 Damon-Eshbach mode frequency as a function of sample orientation. The 2-fold symmetry is clearly visible. Descriptions: B=0.52 T -the externally applied magnetic eld, P=60 mW { the laser beam power, ¬ is the angle of incidence of a laser beam, the s-p symbol de nes states of polarization for incident and scattered light: the s-state of incident light and the p-state of scattered light. Fig. 8 Bulk-type mode frequency as a function of sample orientation measured in the external magnetic led B=0.52T. The 6-fold symmetry is superimposed on a 2-fold symmetry. Descriptions: P=60 mW { the laser beam power, ¬ is the angle of incidence of a laser beam, the p-s symbol de nes states of polarization for incident and scattered light: the p-state of incident light and the s-state of scattered light.
